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ABSOLUTE C A L I B R A T I O N  OF THE RADSCAT SCATTEROMETER 

U S I N G  P R E C I S I O N  SPHERES 

W i l l i a m  L .  G r a n t h a m ,  L y l e  C .  S c h r o e d e r ,  
and  J o h n  L .  M i t c h e l l "  

L a n g l e y  R e s e a r c h  C e n t e r  

SUMMARY 

Tes t s  u s i n g  p r e c i s i o n  s p h e r e  t a r g e t s  s u s p e n d e d  from b a l l o o n s  
were c o n d u c t e d  December 7 a n d  8 ,  1 9 7 2 ; t o  c a l i b r a t e  t h e  r e c e i v e d -  
p o w e r - t r a n s m i t t e d - p o w e r  r a t i o  o f  t h e  RADSCAT s c a t t e r o m e t e r .  C o m -  
p a r i s o n s  h a v e  b e e n  made o f  t h e s e  m e a s u r e d  r e s u l t s  w i t h  t h e o r e t i c a l  
r e t u r n  f r o m  s p h e r e s .  These  r e s u l t s  show t h a t  t h e  RADSCAT s c a t t e r -  
ometer m e a s u r e m e n t s  a t  1 3 . 9  GHz s h o u l d  b e  c o r r e c t e d  by - 2 . 4  dB, 
and  t h o s e  a t  9 . 3  GHz, by - 4 . 3  dB. 

The t e c h n i q u e s  d e s c r i b e d  h e r e i n  s h o u l d  b e  g e n e r a l l y  a p p l i c a b l e  
t o  c a l i b r a t i o n  o f  s c a t t e r o m e t e r s  w h e r e  m e a s u r e m e n t  p r e c i s i o n  i s  o f  
p r i m e  i m p o r t a n c e .  I n f e r r e d  f r o m  t h e  m a g n i t u d e  o f  t h e s e  RADSCAT c o r -  
r e c t i o n s  i s  t h e  p r e s e n t  s t a t e  o f  t e c h n o l o g y  i n  b u i l d i n g  p r e c i s i o n  
s c a t t e r o m e t e r s .  

I N T R O D U C T I O N  

Microwave  r a d a r  b a c k s c a t t e r  f r o m  t h e  o c e a n  h a s  b e e n  shown 
t o  be s e n s i t i v e  t o  s u r f a c e  w i n d s  ( f o r  e x a m p l e ,  r e f .  1 ) .  A i r c r a f t  
m e a s u r e m e n t s  o v e r  t h e  o c e a n  a r e  c u r r e n t l y  b e i n g  made  by t h e  s c i e n -  
t i f i c  community ( r e f s .  2 ,  3 ,  a n d  4) t o  c h a r a c t e r i z e  t h e  c o r r e l a t i o n  
o f  r a d a r  s c a t t e r i n g  c o e f f i c i e n t  w i t h  s u r f a c e  w i n d s .  A combined  
radiometer-scatterometer (RADSCAT) i s  b e i n g  u s e d  by NASA f o r  t h i s  
p u r p o s e .  

I n  o r d e r  f o r  a s c a t t e r o m e t e r  i n s t r u m e n t  t o  b e  a v a l u a b l e  t o o l  
f o r  r e m o t e  s e n s i n g ,  i t  mus t  p r o v i d e  a n  a c c u r a t e ,  a b s o l u t e  m e a s u r e -  
ment o f  r a d a r  s c a t t e r i n g  c o e f f i c i e n t .  T h i s  i s  p a r t i c u l a r l y  t r u e  
f o r  RADSCAT, w h e r e  o c e a n  r a d a r - s c a t t e r i n g - c o e f f i c i e n t  m e a s u r e m e n t s  
a r e  t o  be u s e d  t o  i n f e r  s u r f a c e  wind  v e l o c i t y .  I t  h a s  b e e n  shown 
i n  r e f e r e n c e  5 ,  f o r  e x a m p l e ,  t h a t  i f  w i n d  s p e e d s  a r e  1 2  m/sec 
( 2 3  k n o t s ) ,  e r r o r s  o f  l e s s  t h a n  1 dB i n  r ada r  c r o s s  s e c t i o n  c a u s e  
l a r g e  e r r o r s  i n  i n f e r r e d  w i n d  s p e e d s .  

. .  . - ~ 
. .. 

* V o u g h t C o r p o r a t i o n ,  Hampton,  Va. 



H i s t o r i c a l l y ,  s p h e r e s  h a v e  b e e n  u s e d  as  a s t a n d a r d  f o r  back-  
s c a t t e r  radar  t a r g e t s  s i n c e  t h e y  h a v e  n o  a n g u l a r  s e n s i t i v i t y  a n d  
t h e i r  c r o s s  s e c t i o n s  c a n  b e  c a l c u l a t e d  v e r y  a c c u r a t e l y .  F o r  
i n - f l i g h t  c a l i b r a t i o n  o f  radar  s y s t e m s ,  h o w e v e r ,  e v e n  when p r e -  
c i s i o n  s p h e r e s  a r e  u s e d  as  c a l i b r a t i o n  t a r g e t s ,  a n  a v e r a g e  a c c u -  
r a c y  of 2 2  dB i s  t y p i c a l  ( r e f .  6 ) .  Ground-based  r a d a r  t e s t s ,  i f  
p r o p e r l y  i m p l e m e n t e d ,  s h o u l d  y i e l d  l e s s  e r r o r .  I n  t h i s  i n v e s t i -  
g a t i o n  b o t h  i n - f l i g h t  a n d  g r o u n d - b a s e d  e v a l u a t i o n  t e s t s  were r u n  
on t h e  R A D S C A T  s y s t e m  t o  d e t e r m i n e  i t s  a b i l i t y  t o  m e a s u r e  r a d a r  
c r o s s  s e c t i o n  a c c u r a t e l y .  

I n  t h e  g r o u n d - b a s e d  t e s t s ,  p r e c i s i o n  radar  s p h e r e s  o f  v a r i -  
o u s  s i z e s  were u s e d  a s  r a d a r  t a r g e t s  t o  e v a l u a t e  t h e  a b s o l u t e  a n d  
r e l a t i v e  a c c u r a c y  o f  t h e  i n s t r u m e n t  i n  t h e  l o w e r  h a l f  o f  t h e  
i n s t r u m e n t  d y n a m i c  r a n g e .  The s p h e r e  t e s t s  w e r e . p e r f o r m e d  w i t h  
t h e  RADSCAT b o l t e d  t o  a g r o u n d - b a s e d  g i m b a l e d  m o u n t ,  w i t h  t h e  
s p h e r e s  s u s p e n d e d  b e l o w  f r e e - f l i g h t  weather b a l l o o n s .  O t h e r  
s p h e r e  t e s t s  i n c l u d e d  f i x e d - r a n g e  t e s t s  where t h e  s p h e r e s  were 
h e l d  a l o f t  u s i n g  a k y t o o n  ( a  c o m b i n a t i o n  d e s i g n  o f  a k i t e  a n d  
b a l l o o n ) .  As w i l l  b e  d i s c u s s e d  l a t e r ,  t h e  k y t o o n  t e s t  r e s u l t s  
were c o n s i d e r e d  u n s a t i s f a c t o r y  f o r  a n a l y s i s .  

I n  t h e  i n - f l i g h t  t e s t s ,  r e t u r n s  f r o m  t r i a n g u l a r  a n d  s q u a r e  
t r i h e d r a l  c o r n e r  r e f l e c t o r s  were m e a s u r e d  d u r i n g  o v e r f l i g h t s .  
The r e s u l t s  o f  t h e  c o r n e r  r e f l e c t o r  t e s t s  a r e  c o n s i d e r e d  more  
q u a l i t a t i v e  i n  n a t u r e  a n d  a r e  n o t  d i s c u s s e d  i n  t h i s  r e p o r t .  

SYMBOLS 

V a l u e s  a r e  g i v e n  i n  b o t h  S I  and  U.S.  C u s t o m a r y  U n i t s .  Mea- 
s u r e m e n t s  and  c a l c u l a t i o n s  were made i n  U.S. C u s t o m a r y  U n i t s .  

A a r e a ,  cm* ( i n  2 

a a t t e n u a t i o n ,  p a r t i c u l a r l y  o f  s c a t t e r o m e t e r  c h a n n e l ,  dB 

c a l i b r a t T o n  l o o p  a t t e n u a t i o n ,  dB ( G X R  i n  r e f .  7 )  a c l  

d s p h e r e  d iameter ,  cm ( i n . )  

G a n t e n n a  g a i n ,  dB 

L d i s t a n c e  b e t w e e n  F P Q - 6  r a d a r  a n d  HADSCAT, m ( f t )  

P p o w e r ,  dB 

R s l a n t  r a n g e ,  m ( f t )  

r s p h e r e  r a d i u s ,  cm ( i n . )  



t 0  t ime o f  s p h e r e  r e l e a s e  

V o u t p u t  v o l t a g e  o f  s ca t t e romete r ,  V 

B e q u i v a l e n t  p e n c i l  beam w i d t h  ( r e f .  7 1 ,  d e g  

‘ r m s  E9 r o o t - m e a n - s q u a r e  v a r i a n c e  o r  t o l e r a n c e  i n  

r o o t - m e a n - s q u a r e  s u r f a c e  r o u g h n e s s ,  cm ( i n . )  

0 i n c i d e n c e  o r  o f f - b o r e s i g h t  a n g l e ,  d e g  

x w a v e l e n g t h ,  cm ( i n . )  

U s c a t t e r i n g  c r o s s  s e c t i o n  

UO n o r m a l i z e d  s c a t t e r i n g  c r o s s  s e c t i o n  or s c a t t e r i n g  
c o e f f i c i e n t  

‘I i n t e g r a t i o n  t ime ,  s e c  

A 4  t r a c k i n g - a n g l e  e r r o r ,  d e g  

6 a n g l e  b e t w e e n  t r a , c k i n g  r ada r  a n d  R A D S C A T  l i n e  o f  
s i g h t  t o  s p h e r e ,  d e g  

S u b s c r i p t s :  

ba 1 b a l l o o n  

b s  b o r e s i g h t  

c a l  i n t e r n a l  c a l i b r a t i o n  l e v e l  

max maximum 

meas m e a s u r e d  

n i n  minimum 

r r e c e i v e d  

r e g  r e g u l a t o r  

sea e x p e r i m e n t a l  l e v e l  f r o m  sea 

SP s p h e r e  

t t r a n s m i t t e d  
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t o t a l  t o t  

t r  t r a c k i n g  r ada r  

SCATTEROMETER DESCRIPTION 

The hADSCAT i s  a combined  radiometer-scatterometer d e v e l o p e d  
by t h e  AAFE ( a d v a n c e d  a p p l i c a t i o n s  f l i g h t  e x p e r i m e n t )  p r o g r a m  t o  
m e a s u r e  t h e  s c a t t e r i n g  c o e f f i c i e n t  a n d  b r i g h t n e s s  t e m p e r a t u r e  o f  
t h e  o c e a n  f r o m  a n  a i r c r a f t  a t  9 . 3  a n d  13 .9  G H z .  S i n c e  a d e t a i l e d  
d e s c r i p t i o n  o f  R A D S C A T  a n d  i t s  o p e r a t i o n  i s  g i v e n  i n  r e f e r e n c e  7 
and  s i n c e  t h e  r a d i o m e t e r  s u b s y s t e m  i s  n o t  p e r t i n e n t  t o  t h i s  i n v e s -  
t i g a t i o n ,  o n l y  a b r i e f  d e s c r i p t i o n  o f  t h e  s c a t t e r o m e t e r  i s  g i v e n  
h e r e i n .  

A s i m p l i f i e d  b l o c k  d i a g r a m  o f  t h e  s c a t t e r o m e t e r  i s  g i v e n  i n  
f i g u r e  1 .  F o r  s c a t t e r o m e t e r  o c e a n  m e a s u r e m e n t s ,  p u l s e s  a r e  t r a n s -  
m i t t e d  f r o m  t h e  a n t e n n a  s u c h  t h a t  t h e  a rea  o f  t h e  s u r f a c e  i l l u m i -  
n a t e d  i s  d e f i n e d  by t h e  a n t e n n a  p a t t e r n  w i t h  b e a m - f i l l e d  c o n d i t i o n s .  
R A D S C A T  u s e s  a d u a l - p o l a r i z e d  p a r a b o l i c  a n t e n n a  w i t h  a f u l l  h a l f -  
power beam w i d t h  o f  a b o u t  1 . 5 O .  The t r a n s m i t t e r  i s  t u r n e d  o f f  
d u r i n g  t h e  p u l s e  r e c e p t i o n  p e r i o d  t o  p r e v e n t  t r a n s m i t t e r  l e a k a g e  
i n t o  t h e  r e c e i v e r .  After t u r n o f f ,  t h e  s c a t t e r o m e t e r  r e c e i v e r  i s  
t u r n e d  on by s e l e c t a b l e  r a n g e  g a t e s  f o r  p e r i o d s  w h i c h  c o r r e s p o n d  
t o  t h e  s l a n t - r a n g e  p u l s e  t r a n s i t  time. D u r i n g  t h i s  p e r i o d ,  a 
s a m p l e  o f  t h e  b a c k s c a t t e r e d  p u l s e  i s  p r o c e s s e d .  I n  t h e  s i g n a l  
p r o c e s s o r  ( f i g .  1 1 ,  f o u r  r e c e i v e r  c h a n n e l s  ( S c a t  c h a n n e l s )  a r e  
u s e d  i n  p a r a l l e l  w i t h  s t a g g e r e d  r a n g e s  o f  s e n s i t i v i t y  t o  i n s u r e  
s e n s i t i v i t y  o v e r  t h e  l a r g e  ( a p p r o x i m a t e l y  60 d B )  d y n a m i c  r a n g e  
o f  r e c e i v e d  s i g n a l  f r o m  t h e  o c e a n  s u r f a c e .  I n  each  c h a n n e l ,  t h e  
s i g n a l  i s  s q u a r e - l a w  d e t e c t e d  a n d  i n t e g r a t e d  f o r  a s e l e c t a b l e  
p e r i o d  r a n g i n g  f r o m  300 t o  924  msec. The a n a l o g  i n t e g r a t o r  o u t -  
p u t s  a r e  t h e n  c o n v e r t e d  t o  d i g i t a l  o u t p u t s  a n d  r e c o r d e d  i n  a 
p u l s e - c o d e - m o d u l a t e d  ( P C M )  f o r m a t  on  a n  a n a l o g  m a g n e t i c  t a p e .  
To m i n i m i z e  t h e  i m p o r t a n c e  o f  l o n g - t e r m  d r i f t ,  t h e  i n s t r u m e n t  i s  
a u t o m a t i c a l l y  c a l i b r a t e d  a p p r o x i m a t e l y  e v e r y  2 min by s w i t c h i n g  
a known s a m p l e  o f  t r a n s m i t t e r  power  i n t o  t h e  r e c e i v e r .  

The t r a n s f e r  f u n c t i o n  o f  t h e  n o r m a l i z e d  s c a t t e r i n g  c o e f f i -  
c i e n t  o f  R A D S C A T  h a s  b e e n  d e r i v e d  i n  r e f e r e n c e  7 and  i s  

4 



APPARATUS A N D  T E S T  S I T E  

Ground-based  RADSCAT c a l i b r a t i o n  da t a  were t a k e n  o n  two d i f -  
f e r e n t  d a y s  w i t h  p r e c i s i o n  r ada r  s p h e r e s  u s e d  as  t a r g e t s .  The  
f r o n t - e n d  a s s e m b l y  o f  t h e  RADSCAT a n t e n n a  was b o l t e d  t o  a g i m b a l e d  
mount ( f i g .  2 )  w h i c h  a l l o w e d  v a r i a t i o n  i n  b o t h  a z i m u t h  a n d  e l e v a -  
t i o n .  C o n t r o l  o f  t h e  mount  i n c l u d e d  a m a n u a l  a n d  a s l a v e  mode o f  
o p e r a t i o n .  C o n t r o l  s i g n a l s  i n  t h e  l a t t e r  c a s e  came f r o m  a t r a c k -  
i n g  radar  s y s t e m .  

Two t y p e s  of  t e s t s  were c o n d u c t e d  on  t h e  t a r g e t  s p h , e r e s .  I n  
t h e  f i r s t ,  s p h e r e s  were s e n t  a l o f t  by u s i n g  1 k g  ( 2 . 2  l b m )  f ree-  
f l i g h t  weather b a l l o o n s  ( f i g .  3 )  w h i c h  a s c e n d e d  a t  a r a t e  o f  a b o u t  
300 m/min (985  f t / m i n ) .  A s  t h e  b a l l o o n  and  s p h e r e  a s c e n d e d ,  a l i n e  
r e g u l a t o r  a t  t h e  base o f  t h e  weather b a l l o o n  s l o w l y ' d e p l o y e d  t h e  
s p h e r e  w i t h  3 3 . 5  m ( 1 1 0  f t )  of  n y l o n  l i n e .  The  b a l l o o n  a n d  s p h e r e  
were s e p a r a t e d  t o  a v o i d  s i g n a l  r e t u r n  f r o m  t h e  weather b a l l o o n .  

The e f f e c t  o f  s e p a r a t i n g  t h e  b a l l o o n  and  t h e  s p h e r e  a t  a 
r a n g e  o f  610  m ( 2 0 0 0  f t )  was t o  r e d u c e  t h e  s i g n a l  r e f l e c t i o n  o f  
t h e  b a l l o o n  f rom -15  d B  t o  -40  dB ( r e l a t i v e  t o  t h e  30.48-cm- 
diameter ( 1 2  i n . )  s p h e r e ) .  The  33.5-m ( 1 1 0  f t )  s e p a r a t i o n  d i s -  
t a n c e  k e p t  t h e  b a l l o o n  o u t  o f  t h e  3 d B  beam r a d i u s  u n t i l  a r a n g e  
o f  a p p r o x i m a t e l y  2440 m ( 8 0 0 0  f t )  was r eached .  However ,  r e f l e c -  
t i o n s  f rom t h e  b a l l o o n  a n d  r e g u l a t o r  a r e  c o n s i d e r e d  i n  t h e  e r r o r  
b u d g e t .  (See a p p e n d i x .  ) 

By t h e  t i m e  t h e  b a l l o o n - s p h e r e  p a i r  h a d  d r i f t e d  o u t  t o  t h e  
minimum r a n g e  o f  580 m ( 1 9 0 0  f t )  r e q u i r e d  by R A D S C A T  r a n g e  g a t i n g ,  
t h e  s p h e r e  e l e v a t i o n  a n g l e  ( a p p r o x i m a t e l y  45') was h i g h  e n o u g h  t o  
a v o i d  g r o u n d  c l u t t e r .  A p o t e n t i a l  s o u r c e  o f  i n t e r f e r e n c e  i n  t h e s e  
t e s t s  was backscat te , r  f r o m  t h e  0 .076-cm-d iame te r  ( 0 . 0 3  i n . )  n y l o n  
l i n e  b e t w e e n  t h e  b a l l o o n  a n d  t h e  s p h e r e  ( c h .  1 1  o f  r e f .  8 ) .  By 
s e l e c t i n g  t h e .  p o l a r i z a t i o n  o f  t h e  t r a n s m i t t e d  R A D S C A T  s i g n a l  t o  
b e  p e r p e n d i c u l a r  t o  t h e  s u p p o r t  l i n e ,  t h i s  e f f e c t  was r e d u c e d  t o  
e s s e n t i a l l y  z e r o .  

F o r  t h e  b a l l o o n - l o f t e d  s p h e r e  t e s t s ,  t w o  d i f f e r e n t  s p h e r e s  
were u s e d .  C h a r a c t e r i s t i c s  o f  t h e  s p h e r e s  a r e  g i v e n  i n  t h e  f o l -  
l o w i n g  t a b l e  : 

Smal l  s p h e r e  La rge  s p h e r e  

Diameter, cm ( i n . )  . . . . . . . .  30.48 ( 1 2 )  5 5 - 8 8  ( 2 2 )  

Weigh t ,  kg  ( 0 2 )  . . . . . . . . .  0.908 ( 3 2 )  0.794 ( 2 8 )  
S p h e r i c i t y ,  cm ( i n . )  . . . . . . .  0.051 (0 .020 )  0.226 (0 .089 )  

Material  . . . . . . . . . . . . .  Aluminum S ty ro foam w i t h  s i l v e r  
c o n d u c t i n g  p a i n t  

S u r f a c e  f i n i s h ,  cm ( i n . )  . . . .  0.0033 (0 .0013)  0.0318 (0 .0125)  



The small s p h e r e s  were p r e c i s i o n  t a r g e t s ,  a s  c a n  b e  s e e n  f rom t h e  
p r e c e d i n g  t a b l e .  The  l a r g e  s p h e r e s  were much l o w e r  i n  p r e c i s i o n ,  
b u t  we.re u s e d  b e c a u s e  l a r g e r  a luminum s p h e r e s  were d i f f i c u l t  f o r  
t h e  b a l l o o n  t o  l o f t  a n d  were p r o h i b i t i v e l y  c o s t l y  t o  p r o v i d e  
s i n c e  t h e  s p h e r e s  were n o t  r e c o v e r a b l e .  However ,  t h e  s p h e r i c i t y  
a n d  f i n i s h  o f  t h e  S t y r o f o a m  s p h e r e s  were small r e l a t i v e  t o  wave-  
l e n g t h  ( 2  t o  3 cm (0 .8  t o  1 . 2  i n . ) )  a t  13 .9  GHz a n d  9 . 3  GHz. 

I n  t h e  s e c o n d  t y p e  o f  t e s t ,  t h e  s p h e r e s  were s u s p e n d e d  b e l o w  
a 9.15-m-long ( 3 0  f t )  h e l i u m - f i l l e d  k y t o o n  ( f i g .  4 )  and  h e l d  by 
t e t h e r i n g  a t  a r a n g e  f r o m  t h e  RADSCAT o f  a p p r o x i m a t e l y  2 3 0 0  m 
(7500 f t )  ( f i g .  5 ) .  Larger s p h e r e s  c o u l d  b e  h e l d  i n  r a n g e  f o r  
l o n g e r  p e r i o d s  o f  t ime w i t h  a k y t o o n  t h a n  w i t h  a f r e e - f l i g h t  
b a l l o o n .  A l s o ,  t h e  same s p h e r e s  c o u l d  b e  u s e d  r e p e a t e d l y  w i t h  
t h e  k y t o o n ,  whereas t h e  b a l l o o n  a n d  s p h e r e  were n o t  r e c o v e r a b l e  
a f t e r  t h e  f r e e - f l i g h t  t e s t s .  Two d i s a d v a n t a g e s  l i m i t e d  t h e  
r e s u l t s  o b t a i n e d  i n  t h e  k y t o o n - s p h e r e  t e s t s .  F i r s t ,  t h r e e  l a r g e  
2224-N t e s t  ( 5 0 0  l b f )  n y l o n  t e t h e r  l i n e s ,  w h i c h  were r e q u i r e d . t o  
s t a b i l i z e  t h e  k y t o o n ,  p r o d u c e d  c r o s s  s e c t i o n  measu remen t  e r r o r s .  
S e c o n d ,  t h e  maximum e l e v a t i o n  a n g l e  was l i m i t e d  t o  a b o u t  5.5' 
as  a r e s u l t  of t h e  w e i g h t  o f  t h e  s p h e r e s  a n d  t h e  t e t h e r  l i n e s ,  
wh ich  meant  t h e r e  was some g r o u n d  c l u t t e r  r e d u c i n g  t h e  a c c u r a c y  
o f  t h e  m e a s u r e m e n t s .  The e r r o r s  c a u s e d  by t h e  p r e s e n c e  a n d  
m o t i o n  o f  t h e  t e t h e r  l i n e s  were f e l t  t o  b e  m i n o r ,  b u t  t h e  i n a c -  
c u r a c i e s  r e s u l t i n g  f rom t h e  l o w  e l e v a t i o n  a n g l e  were f e l t  t o  b e  
g rea t ; .  f o r  t h i s  r e a s o n  t h e  k y t o o n - s p h e r e  d a t a  a r e  n o t  b e i n g  
a n a l y z e d .  

A i rc ra f t -based  i n - f l i g h t  R A D S C A T  c a l i b r a t i o n  t e s t s  were c o n -  
d u c t e d  o v e r  t h e  runway  o f  t h e  NASA W a l l o p s  F l i g h t  C e n t e r  a n d  a t  
t h e  U.S. Army Radar G e o m e t r i c  F i d e l i t y  A r r a y  a t  W i l l c o x ,  A r i z o n a .  
I n  t hese  t e s t s ,  f l i g h t s  o v e r  c o r n e r  r e f l e c t o r s  were u s e d  t o  p r o -  
d u c e  a r e t u r n  i n  t h e  u p p e r  h a l f  o f  t h e  s c a t t e r o m e t e r  dynamic  
r a n g e ;  t h u s ,  t h e  s p h e r e  and  t h e  c o r n e r  r e f l e c t o r  t e s t s  t o g e t h e r  
c o v e r e d  t h e  c o m p l e t e  s c a t t e r o m e t e r  d y n a m i c  r a n g e .  The c o r n e r  
r e f l e c t o r  t e s t s  were c o m p l e t e l y  i n d e p e n d e n t  o f  t h e  g r o u n d - b a s e d  
t e s t s  and  w i l l  n o t  b e  d i s c u s s e d  f u r t h e r  because t h e y  were qua1 i . -  
t a t i v e  i n  n a t u r e .  

SPHERE T R A C K I N G  METHOD 

The b a l l o o n - s p h e r e  c o m b i n a t i o n  was re leased  n e a r  t h e  g i m b a l -  
mounted RADSCAT i n s t r u m e n t  on W a l l o p s  I s l a n d ,  a s  shown i n  f i g -  
u r e  5 ,  and  was t r a c k e d  w i t h  t h e  FPQ-6 radar  l o c a t e d  on t h e  ma in -  
l a n d .  The FPS-16 r a d a r ,  l o c a t e d  on W a l l o p s  I s l a n d ,  was u s e d  a s  
a n  a l t e r n a t e  t r a c k e r .  D u r i n g  each t e s t  t h e  RADSCAT was p o s i t i o n e d  
a t  a s u r v e y o r ' s  mark  s o  t h a t  t r a n s l a t i o n  o f  c o o r d i n a t e s  f r o m  t h e  
FPQ-6 t o  t h e  RADSCAT c o u l d  b e  a c c u r a t e l y  made and  t h u s  a l l o w  
p r o p e r  p a r a l l a x  c o r r e c t i o n s .  Real-time s i g n a l s  f o r  t h e  RADSCAT 

6 



mount d r i v e  were p r o v i d e d  by t h e  FPQ-6 r a d a r  t o  a l l o w  a h a n d s -  
o f f  t r a c k i n g  mode i f  d e s i r e d .  

I n  o r d e r  t o  p e r m i t  v i s u a l  t r a c k i n g  o f  t h e  s p h e r e  f r o m  t h e  
R A D S C A T  t e s t  s i t e  a n d  t o  p r o v i d e  a r e c o r d  of t r a c k i n g  h i s t o r y ,  
a b o r e s i g h t e d  t e l e v i s i o n  camera, m o n i t o r ,  a n d  v i d e o  r e c o r d e r  
were i n s t a l l e d  ( f i g .  2 ) .  The b o r e s i g h t e d  camera was c a l i b r a t e d  
by s c a n n i n g  t h e  g i m b a l  mount  v e r t i c a . l l y  a n d  h o r i z o n t a l l y  a c r o s s  
a n  o p t i c a l  t a r g e t .  The b o r e s i g h t  o f f s e t  a n g l e  from t h e  RADSCAT 
a n t e n n a  beam was l a t e r  d e t e r m i n e d  by m e a s u r i n g  t h e  a n g l e  r e c o r d e d  
by t h e  b o r e s i g h t e d  camera d u r i n g  p e a k  RADSCAT r e t u r n  ( c o m p e n s a t e d  
f o r  r a n g e )  from a f r e e - f l i g h t  s p h e r e .  E s t i m a t e d  e r r o r s  f o r  t h e  
s p h e r e  t e s t  a r e  g i v e n  i n  t h e  a p p e n d i x .  

SPHERE TEST RESULTS 

E x p e r i m e n t a l  d a t a  w i t h  w h i c h  t o  c a l i b r a t e  t h e  a b s o l u t e  l e v e l  
o f  t h e  RADSCAT s c a t t e r o m e t e r  r e t u r n  were o b t a i n e d  on December 7 
and  8 , ' 1 9 7 2 ,  a t  h i a l l o p s  F l i g h t  C e n t e r .  The c a l i b r a t i o n  s h o u l d  be  
v a l i d  f o r  FiADSCAT f r o m  S e p t e m b e r  1 ,  1 9 7 2 ,  t o  December 1 ,  1973 ,  
s i n c e  no  c h a n g e s  were made i n  t h e  s y s t e m  d u r i n g  t h i s  p e r i o d .  
B a l l o o n s  and  k y t o o n s  were s u c c e s s f u l l y  l a u n c h e d  a n d  s a t i s f a c t o r y  
t r a c k i n g  d a t a  were o b t a i n e d ,  a l t h o u g h  f o r  r e a s o n s  p r e v i o u s l y  d i s -  
c u s s e d ,  o n l y  t h e  b a l l o o n - s p h e r e  d a t a  were a n a l y z e d .  Tes t  d a t a  
were o b t a i n e d  by u s i n g  two  d i f f e r e n t  s i z e  s p h e r e s  a t  b o t h  1 3 . 9  
and 9 . 3  GHz. Ana log  t a p e  r e c o r d i n g s  o f  t h e  PCM e x p e r i m e n t  d a t a  
were o b t a i n e d  f o r  c o m p u t e r  p r o c e s s i n g .  However ,  p r e l i m i n a r y  
a n a l y s i s  u s i n g  t h e  s t r i p  c h a r t s  was d o n e  t o  p r o v i d e  some i n s i g h t  
i n t o  t h e  v a l i d i t y  o f  t h e  r e s u l t s .  

COMPARISON OF T H E O R Y  W I T H  STRIP C H A R T  RESULTS 

S c a t t e r o m e t e r  r e t u r n  f r o m  t h e  small  s p h e r e  m e a s u r e d  by t h e  
RADSCAT i s  shown i n  t h e  pen  r e c o r d  o f  f i g u r e  6 f o r  13 .9  GHz. 
The l e v e l  o f  t h e  c h a n n e l s  l a b e l e d  S c a t  4 and Sca t  3 i s  p r o p o r -  
t i o n a l  t o  t h e  power r e t u r n ;  a c o r r e s p o n d i n g  l e v e l  f o r  S c a t  3 i s  
a b o u t  19 dB h i g h e r  t h a n  t h a t  f o r  S c a t  4. I n c r e a s i n g  t ime  ( f r o m  
r i g h t  t o  l e f t )  on t h i s  c h a r t  i s  r o u g h l y  e q u i v a l e n t  t o  i n c r e a s i n g  
s p h e r e  r a n g e .  

F i r s t  r e t u r n s  show t h a t  t h e  s i g n a l  a b r u p t l y  r ises  t o  s a t u r a -  
t i o n  f o r  Sca t  4 and  i s  a t  a low l e v e l  f o r  S c a t  3. T h i s  r i s e  c o r r e -  
s p o n d s  t o  t h e  l o w e r  t h r e s h o l d  o f  t h e  R A D S C A T  610-m ( 2 0 0 0  f t )  r a n g e  
g a t e .  A s  s l a n t  r a n g e  ( t i m e )  i n c r e a s e s ,  t h e  sca t te rometer  r e t u r n  
d e c r e a s e s  a n d  f a l l s  i n t o  t h e  r a n g e  o f  S c a t  4. An a b r u p t  c h a n g e  
i n  l e v e l  o c c u r s  when t h e  RADSCAT mode was s w i t c h e d ,  as  i n d i c a t e d  
by t h e  l a b e l  " c h a n g e  mode i n t e g r a t i o n  t ime"; t h i s  i s  b e c a u s e  t h e  
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a t  t h a t  t ime.  0.580 
i n t e g r a t i o n  t ime o f  t h e  o u t p u t  decreased by - 0 . 9 2 4  
The Scat  4 r e t u r n  decreases  w i t h  r a n g e  f r o m  t h i s  time on e x c e p t  
f o r  t h e  s h a r p  r i s e  t h a t  o c c u r s  when t h e  RADSCAT mode was s w i t c h e d  
back t o  t h e  i n i t i a l  mode i n t e g r a t i o n  t ime.  Small  p e r i o d i c  f l u c t u -  
a t i o n s  n o t e d  on t h e  t r a c e  a re  a t t r i b u t e d  t o  e r r o r s  i n  t h e  s p h e r e  
t r a c k i n g .  S i m i l a r  r e s u l t s  a r e  n o t e d  i n  t h e  s u b s e q u e n t  p e n  r e c o r d -  
i n g s  i n  f i g u r e s  7 t o  9 .  A l s o ,  a l t h o u g h  t h e  r e s o l u t i o n  on  t h e  s t r i p  
c h a r t s  i s  n o t  g r e a t ,  t h e  s i g n a l  l e v e l  a t  b o t h  f r e q u e n c i e s  a p p e a r s  
h i g h e r  from t h e  l a r g e  s p h e r e  t h a n  from t h e  smal l  s p h e r e .  

C a l c u l a t i o n s  were made t o  compare  t h e  e x p e c t e d  l e v e l  o f  s i g n a l  
r e t u r n  f rom s p h e r e s  w i t h  t h e  dynamic  r a n g e  o f  t h e  R A D S C A T  i n s t r u -  
ment .  These  c a l c u l a t i o n s  were made i n i t i a l l y  t o  a i d  i n  s e l e c t i n g  
s p h e r e s  f o r  t h e  t e s t s ;  h o w e v e r ,  t h e y  a l s o  p r o v i d e d  p r e d i c t i o n s  o f  
r e s u l t s .  These c a l c u l a t i o n s  were made i n  terms o f  t h e  r e c e i v e d  
power p r  n o r m a l i z e d  by t h e  t r a n s m i t t e r  power  P t .  The  dynamic  

r a n g e  and  t h e  c a l i b r a t i o n  l e v e l  o f  e a c h  o f  t h e  f o u r  c h a n n e l s  o f  
t h e  RADSCAT s c a t t e r o m e t e r  p r o c e s s o r  were d e t e r m i n e d  by u s i n g  t h e  
t r a n s f e r  f u n c t i o n  (see e q .  ( 1 ) )  

'sea' c a l  ~ 'r 
Pt ' c a l T s e a  

= a  - 

and t h e  i n s t r u m e n t  c h a r a c t e r i s t i c s  o f  RADSCAT f r o m  r e f e r e n c e  7. 
The s i g n a l  r e t u r n  f r o m  t h e  s p h e r e  was o b t a i n e d  by u s i n g  t h e  
f o l l o w i n g  t h e o r e t i c a l  e x p r e s s i o n  d e r i v e d  f r o m  d e f i n i t i o n s  i n  
r e f e r e n c e  8: 

'r G 2 A 2 0  G2d2A2 ( 3 )  

where d i s  t h e  s p h e r e  diameter  a n d  i s  a p p r o x i m a t e l y  e q u a l  

t o  71d2/4. 

F i g u r e  10 i s  a c o m p o s i t e  s h o w i n g  t h e  r a n g e s  o f  t h e  c a l i b r a t e d  
b o r e s i g h t  s i g n a l  l e v e l  P r / P t  a t  1 3 . 9  GHz f o r  t h e  f o u r  S c a t  c h a n -  

n e l s  o f  RADSCAT on t h e  l e f t - h a n d  s i d e  a n d  t h e  c u r v e s  o f  t h e o r e t i -  
c a l  P r / P t  t o  be e x p e c t e d  f o r  a p p r o p r i a t e l y  s i z e d  s p h e r e s  as a 

f u n c t i o n  o f  r a n g e  on t h e  r i g h t - h a n d  s i d e .  Shown a l s o  f o r  c o m p a r i -  
s o n  are  t h e  v a l u e s  o f  e x p e c t e d  f rom c o r n e r  r e f l e c t o r s  u s e d  Pr /P t  
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i n  o t h e r  c a l i b r a t i o n  t e s t s  a s  a f u n c t i o n  of  r a n g e .  F i g u r e  11 i s  
t h e  c o r r e s p o n d i n g  p l o t  f o r  9 . 3  GHz. I n  g e n e r a l ,  t h e s e  p l o t s  i n d i -  
ca te  t h e  f o l l o w i n g  r e s p o n s e s  o f  t h e  R A D S C A T  t o  t h e  s p h e r e s :  

(1.) A t  a r a n g e  o f  a p p r o x i m a t e l y  610 m ( 2 0 0 0  f t ) ,  w h e r e  t h e  
f i r s t  r e t u r n s  u n i n h i b i t e d  by t h e  r a n g e  g a t e  a r e  s e e n  f r o m  t h e  
s p h e r e s ,  t h e  s i g n a l s  f rom b o t h  s p h e r e s  a r e  i n  t h e  l o w e r  p a r t  o f  
Scat 3 ,  w i t h  t h e  l a r g e r  s p h e r e  p r o d u c i n g  more  r e t u r n .  T h e s e  
r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  s t r i p  c h a r t  o b s e r v a t i o n s .  

12 dB f o r  e a c h  d o u b l i n g  o f  r a n g e .  Hence ,  t h e  s i g n a l  d r o p s  i n t o  
S c a t  4 b e f o r e  a r a n g e  of  a b o u t  915 m ( 3 0 0 0  f t )  i s  r e a c h e d .  T h i s  
a l s o  a g r e e s  w i t h  s t r i p  c h a r t  r e s u l t s .  

( 2 )  The s i g n a l s  f r o m  b o t h  s p h e r e s  d e c r e a s e  a t  t h e  r a t e  o f  

A p r e l i m i n a r y  c o m p a r i s o n  o f  m e a s u r e d  r e t u r n s  on t h e  s t r i p  
c h a r t s  i n  f i g u r e s  6 t o  9 w i t h  t h e  r e s p o n s e s  shown i n  f i g u r e s  10 
and  1 1  i n d i c a t e s  good g e n e r a l  a g r e e m e n t ,  a n d  t h u s ,  f u r t h e r  a n a l y -  
s is  i s  w a r r a n t e d .  

SPHERE D A T A  ANALYSIS 

Data r e q u i r e d  f o r  i n s t r u m e n t  e v a l u a t i o n  came f r o m  t h r e e  
s o u r c e s  ( f i g .  1 2 ) :  f r o m  RADSCAT, w h i c h  g i v e s  a m e a s u r e  o f  
r e t u r n e d  power a s  a f u n c t i o n  o f  t i m e ,  f rom t h e  FPQ-6 o r  FPS-16 
t r a c k i n g  r a d a r s ,  w h i c h  g i v e  a m e a s u r e  o f  r a n g e  be tween  RADSCAT 
and  t h e  s p h e r e ,  a n d  f r o m  t h e  v i d e o  t a p e  m a d e  w i t h  t h e  b o r e s i g h t e d  
camera, wh ich  g i v e s  a h i s t o r y  o f  t h e  t r a c k i n g  e r r o r .  S i g n a l  l e v e l  
c o m p e n s a t i o n s  d u e  t o  t r a c k i n g  e r r o r s  were computed  by u s i n g  t h e  
m e a s u r e d  a n t e n n a  p a t t e r n  s h a p e  n e a r  t h e  beam a x i s  ( f i g .  1 3 ) .  

F o r  i n t e r p r e t a t i o n  o f  r e s u l t s  o f  t h e s e  t e s t s ,  t h e o r e t i c a l  

v a l u e s  of 

t i o n s  o f  t h e s e  t e s t s  a s  f o l l o w s :  

P r / P t G 2  a r e  computed  f r o m  e q u a t i o n  ( 3 )  f o r  t h e  c o n d i -  

x 2, 
( 4 )  

T h e o r e t i c a l  v a l u e s  were o b t a i n e d  by i n s e r t i n g  i n t o  t h i s  e q u a t i o n  t h e  
2 t h e o r e t i c a l  e x p r e s s i o n  f o r  r a d a r  c r o s s  s e c t i o n  of  a s p h e r e  0 s r  . 

( A  Mie s e r i e s  a p p r o x i m a t i o n  y i e l d s  h i g h e r  a c c u r a c y ,  b u t  t h e  r e s u l t -  
i n g  e r r o r  i s  o f  small  o r d e r ;  see t h e  a p p e n d i x . )  The a n t e n n a  g a i n  G 
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i s  k e p t  on t h e  l e f t  s i d e  of  t h e  e q u a t i o n  s o  t h a t  o n l y  s p h e r e .  r a d i u s  

and  r a n g e  i n f l u e n c e  t h e  t h e o r e t i c a l  v a l u e s  o f  Pr/PtG2. 

L i k e w i s e  , e x p e r i m e n t a l  v a l u e s  o f  P r / P t G 2  h a v e  b e e n  d e t e r -  

mined f r o m  t h e  RADSCAT-sphere d a t a  as  a f u n c t i o n  o f  r a n g e ,  w i t h  
c o r r e c t i o n s  made t o  a l l o w  f o r  small  o f f - b o r e s i g h t  t r a c k i n g  e r ro r s .  

The e x p e r i m e n t a l  v a l u e s  o f  P r / P t G 2  f o r  t h e  s p h e r e  were c a l c u l a t e d  

by i n s e r t i n g  s p h e r e - m e a s u r e d  c r o s s  s e c t i o n s  i n t o  e q u a t i o n  ( 4 ) .  The 

d a t a  u s e d  a r e  o b t a i n e d  f r o m  t h e  .Osea o u t p u t  o f  t h e  ' s p h e r e  

RADSCAT i n s t r u m e n t  c o n v e r s i o n  p r o g r a m  ( see  r e f .  9.) by u s i n g  

The f a c t o r  ~ ( R i 3 ) ~ / 4  i s  r e q u i r e d  t o  d e n o r m a l i z e  t h e  v a l u e s  
of .:ea t h a t  were c a l c u l a t e d  f o r  t h e  b e a m - f i l l e d  c a s e ,  s i n c e  

t h e  s p h e r e  i s  n o t  l a r g e  enough  t o  f i l l  t h e  beam. T h u s ,  

- X 2 ( 8 l 2  0 
2 asea  - 

( 1 6 ~ )  R 
s p  , meas 

A c o m p a r i s o n  o f  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  P r / P t G 2  v a l u e s  

i s  shown i n  f i g u r e s  1 4 ,  1 5 ,  1 6 ,  a n d  17. I n c l u d e d  a r e  t h e  t e s t s  
a t  9 . 3  and  13.9 GHz f o r  b o t h  s p h e r e  s i z e s .  A c o n s t a n t  o f f s e t  
be tween  t h e  m e a s u r e d  a n d  t h e o r y  c u r v e s  c a n  be  i n t e r p r e t e d  a s  a 
lumped b i a s  i n  t h e  s c a t t e r o m e t e r  c o n s t a n t s  u s e d  t o  o b t a i n  t h e  mea- 
s u r e d  v a l u e .  The o f f s e t  " e r r o r 1 '  o r  b i a s ,  d e t e r m i n e d  by t h e  f o l -  
l o w i n g  e x p r e s s i o n ,  i s  g i v e n  f o r  e a c h  t e s t  i n  t a b l e  I :  

s p ,  meas 
- ($) Bias e r r o r  = ($2) 

s p ,  t h e o r y  

( 7 )  

The t e s t  r e s u l t s  a t  1 3 . 9  GHz f rom b o t h  s p h e r e s  show a d i f f e r e n c e  

o f  f r o m  1 . 9  t o  2 . 4  d B  a b o v e  t h e o r e t i c a l  v a l u e s  o f  

10 
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( f i g s .  1 4  a n d  15): S i n c e  t h e  e x p e r i m e n t a l  c u r v e  i s  n e a r l y  p a r a l -  
l e l  t o  t h e  t h e o r e t i c a l  c u r v e ,  i t  shows a f o u r t h - p o w e r  d e p e n d e n c e  
on r a n g e  a s  i t  s h o u l d .  The e x p o n e n t s  o f  r a n g e  a r e  -3 .92424  a n d  
-3 .95046  f o r  t h e  small a n d  l a r g e  s p h e r e s ,  r e s p e c t i v e l y .  If t h e  
RADSCAT d e t e c t o r  d i o d e s  ( i n  S c a t  c h a n n e l s  3 a n d  4 )  were n o t  square-  
law d e t e c t o r s  a s  a s s u m e d ,  i t  would  show u p  h e r e  i n  t h e  s l o p e .  The 
d a t a  p o i n t s  i n d i c a t e d  i n  f i g u r e s  1 4  and  15 were o b t a i n e d  i n  b o t h  
S c a t  c h a n n e l s  3 and  4 .  The t o l e r a n c e s  l i s t e d  i n  t a b l e  I a r e  c a l c u -  
l a t e d  a n d  d i s c u s s e d  i n  t h e  a p p e n d i x .  

b i a s e d  f rom 2 . 0  t o  4 . 3  dB a b o v e  t h e o r e t i c a l  v a l u e s .  The r e a s o n  f o r  
t h e  2 . 3  dB d i f f e r e n c e  i n  r e s u l t s  i s  unknown,  b u t  t h e  d a t a  f o r  t h e  
small s p h e r e  a r e  c o n s i d e r e d  more a c c u r a t e .  The s l o p e  o f  t h e  d a t a  
a l s o  i n d i c a t e s ,  a s  e x p e c t e d ,  a f o u r t h - p o w e r  d e p e n d e n c e  o n  r a n g e  a s  
d i d  t h e  r e s u l t s  a t  1 3 . 9  GHz. A c t u a l  e x p o n e n t s  o f  r a n g e  a r e  -4 .44908  
a n d  -4 .06934  f o r  t h e  smal l  a n d  l a r g e  s p h e r e s ,  r e s p e c t i v e l y .  L i m i t e d  
d a t a  a r e  shown f o r  t h e  l a r g e  s p h e r e  a s  a r e s u l t  o f  d e l a y e d  a c q u i s i -  
t i o n  o f  t h e  s p h e r e  b y  t h e  t r a c k i n g  r a d a r  ( d a t a  o n l y  i n  S c a t  4 ) .  

t h e  small  s p h e r e  was a p r e c i s i o n  me ta l  s p h e r e  w i t h  known r e f l e c t i v -  
i t y ,  whereas t h e  l a r g e  s p h e r e  was a S t y r o f o a m  s p h e r e  much l e s s  p r e -  
c i s e  i n  . d i m e n s i o n s  a n d  s p r a y e d  w i t h  a r e f l e c t i v e  p a i n t .  T h u s ,  
q u a n t i t a t i v e  r e s u l t s  f r o m  j u s t  t h e  smal l  s p h e r e  s h o u l d  b e  a p p l i e d  
t o  t h e  RADSCAT i n s t r u m e n t ,  a n d  t h o s e  o f  t h e  l a r g e  s p h e r e  s h o u l d  b e  
u s e d  o n l y  f o r  c o m p a r i s o n  p u r p o s e s .  

Test  r e s u l t s  a t  9 . 3  GHz ( f i g s .  16 and  1 7 )  show t h e  da ta  t o  be  

I n  a p p l y i n g  t h e s e  r e s u l t s  t o  R A D S C A T ,  i t  s h o u l d  b e  n o t e d  t h a t  

C O N C L U D I N G  R E M A R K S  

Tests  u s i n g  p r e c i s i o n  s p h e r e  t a r g e t s  s u s p e n d e d  f r o m  b a l l o o n s  
h a v e  been  c o n d u c t e d  t o  c a l i b r a t e  t h e  r e c e i v e d - p o w e r - t r a n s m i t t e d -  
power r a t i o  of  t h e  R A D S C A T  s c a t t e r o m e t e r .  T h e  t e c h n i q u e s  d e s c r i b e d  
h e r e i n  s h o u l d  b e  g e n e r a l l y  a p p l i c a b l e  t o  c a l i b r a t i o n  o f  s c a t t e r -  
o m e t e r s  w h e r e  m e a s u r e m e n t  p r e c i s i o n  i s  o f  p r i m e  i m p o r t a n c e .  Com- 
p a r i s o n s  h a v e  been  made o f  t hese  m e a s u r e d  r e s u l t s  w i t h  t h e o r e t i c a l  
r e t u r n  f r o m  s p h e r e s .  These r e s u l t s  show t h a t  t h e  RADSCAT s c a t t e r -  
o m e t e r  m e a s u r e m e n t s  a t  1 3 . 9  GHz s h o u l d  b e  c o r r e c t e d  by -2 .4  d B ,  a n d  
t h o s e  a t  9 . 3  GHz, by -4 .3  dB.  I n f e r r e d  f r o m  t h e  m a g n i t u d e  o f  t h e s e  
R A D S C A T  c o r r e c t i o n s  i s  t h e  p r e s e n t  s t a t e  o f  t e c h n o l o g y  i n  b u i l d i n g  
p r e c i s i o n  s c a t t e r o m e t e r s  a n d  t h e  i m p a c t  o f  sma l l  component  e r r o r s  
t h a t  a c c u m u l a t e  i n t o  s i g n i f i c a n t  s y s t e m  e r ro r s .  

L a n g l e y  Research C e n t e r  
N a t i o n a l  A e r o n a u t i c s  a n d  Space A d m i n i s t r a t i o n  
Hampton,  V A  23665  
S e p t e m b e r  1 ,  1976  
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APPENDIX 

E R R O R  BUDGET F O R  SPHERE TESTS 

The p u r p o s e  o f  t h i s  a p p e n d i x  i s  t o  es t imate  t h e  u n c e r t a i n t i e s  
due  t o  t h e  e r r o r s  wh ich  were n o t  o r  c o u l d  n o t  b e  e l i m i -  i n  aO,eas 

n a t e d  d u r i n g  t h e  s p h e r e  c a l i b r a t i o n s  o f  t h e  RADSCAT r a d a r .  E r r o r s  
c o n s i d e r e d  a r e  b a l l o o n  and  s u p p o r t  l i n e  i n t e r f e r e n c e ,  g r o u n d  c l u t -  
t e r ,  s p h e r e  d i m e n s i o n a l  t o l e r a n c e s ,  o f f - b o r e s i g h t  c o r r e c t i o n  t o l e r -  
a n c e ,  s p h e r e  sur face  r o u g h n e s s ,  a n d  t r a c k i n g  r ada r  r a n g e  a n d  a n g l e  
e r r o r s .  A d i s c u s s i o n  o f  t h e s e  e r r o r  s o u r c e s  a n d  t h e  m e t h o d s  a n d  
a s s u m p t i o n s  i n v o l v e d  i n  e v a l u a t i n g  t h e  e r r o r s  a r e  p r e s e n t e d .  T h e s e  
e r ro r s  a r e  summed  t o  p r o v i d e  a n  e s t i m a t e  o f  t o l e r a n c e  on  t h e  s p h e r e  
c a l i b r a t i o n s .  While  t h e s e  e r r o r s  may n o t  b e  a l l  i n c l u s i v e ,  t h e  
e r r o r  e s t ima te  s h o u l d  b e  o f  t h e  r i g h t  o r d e r  o f  m a g n i t u d e .  

E r r o r  Due t o  B a l l o o n  a n d  R e g u l a t o r  I n t e r f e r e n c e  

I f  t h e  b a l l o o n  a n d  r e g u l a t o r  a r e  w i t h i n  t h e  p e n c i l  beam o f  t h e  
r a d a r ,  a r e t u r n  w i l l  b e  r e c e i v e d  w h i c h  c a n n o t  be  d i s t i n g u i s h e d  f rom 
t h a t  o f  t h e  s p h e r e .  T h i s  e r r o r  was m i n i m i z e d  by s e p a r a t i n g  t h e  
b a l l o o n  and  r e g u l a t o r  f r o m  t h e  s p h e r e  by 33.5 m ( 1 1 0  f t )  o f  n y l o n  
s t r i n g ,  wh ich  f o r  s h o r t  r a n g e  moves t h e  b a l l o o n  a n d  r e g u l a t o r  away 
f rom t h e  h i g h  g a i n  p a r t  o f  t h e  radar  a n t e n n a  p a t t e r n .  A t  h i g h e r  
r a n g e s ,  t h e  b a l l o o n  i s  much c l o s e r  t o  p e a k  g a i n ,  s o  a n  e v a l u a t i o n  
was made. The f o l l o w i n g  i n f o r m a t i o n  was u s e d  t o  e v a l u a t e  t h e  
e r r o r :  

2 
2 

- - A r e g , m a x  = (4)  = 14.5111 cm2 ( 2 . 2 5 8  i n  f o r  a r e g  

7 .62 -cm-d iame te r  ( 3  i n . )  r e g u l a t o r .  

abal = -15 dB r e l a t i v e  t o  u o f  small  s p h e r e  a t  b o r e s i g h t .  

T h i s  was m e a s u r e d  d u r i n g  t h e  c u r r e n t  i n v e s t i g a t i o n .  

u .r2 = 232.2511 cm2 (3611 i n 2 )  f o r  small  s p h e r e  a n d  SP 
7 8 0 r  cm2 ( 1 2 1 8  i n 2 )  f o r  l a r g e  s p h e r e .  

Hence ,  a t  b o r e s i g h t ,  t h e  f o l l o w i n g  r e l a t i o n s h i p s  h o l d :  
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S m a l l  s p h e r e  L a r g e  s p h e r e  

r e g  . . . . . . . . . . .  
= SP 

0 .0625  

. . . . . . . . . . .  0.0316 b a l  - 
‘ SP 

‘ r e g  + ‘ b a l  . . . . . . .  
= SP 

0 .0941  

0 . 0 1 8 6  

0 .00942 

0. 028.0 

To c a l c u l a t e  t h e  e r r o r  d u e  t o  t h e  b a l l o o n  a n d  r e g u l a t o r s ,  i t  
was assumed t h a t  t h e  a n t e n n a  was b o r e s i g h t e d  a t  t h e  s p h e r e  a n d  
t h a t  t h e  o f f - b o r e s i g h t  c o n t r i b u t i o n s  were b e i n g  o b t a i n e d  f r o m  t h e  
b a l l o o n  and  r e g u l a t o r .  T h u s ,  t h e  e r r o r  was c a l c u l a t e d  by u s i n g  

where  R i s  i n  meters .  B u t ,  

( “ b a l  + “ r e g )  

The e r r o r s  were t h u s  e v a l u a t e d  by o b t a i n i n g  t h e  g a i n  r a t i o  
f rom t h e  p a t t e r n s  f o r  t h a t  a n t e n n a .  ( P a t t e r n s  u s e d  were t h o s e  
o f  J a n u a r y  1 9 7 2 . )  E - p l a n e  v a l u e s  were u s e d  a n d  i n  a l l  cases  g a v e  
e r r o r s  a p p r o x i m a t e l y  t h e  same a s  H-p lane  v a l u e s .  The e r r o r  was 
e v a l u a t e d  f o r  t h r e e  r a n g e s :  6 1 0  m ( 2 0 0 0  f t )  (minimum r a n g e  g a t e ) ,  
9 1 4  m ( 3 0 0 0  f t )  ( m e a n ) ,  a n d  1829 m ( 6 0 0 0  f t )  (maximum r a n g e  f o r  
s y s t e m  s e n s i t i v i t y ) .  The v a l u e s  o b t a i n e d  a r e  g i v e n  i n  t a b l e  11. 

I 
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Ground C l u t t e r  E r r o r  

To c a l c u l a t e  t h e  e r ro r  d u e  t o  g r o u n d  c l u t t e r ,  t h e  g r o u n d  
r e t u r n  a,t g r a z i n g  i n c i d e n c e  b e t w e e n  t h e  l i m i t s  o f  t h e  r a n g e  g a t e s ,  
610 m t o  1829 m (2000  f t  t o  6000 f t ) ,  was c a l c u l a t e d .  The geom- 
e t r y  i s  shown i n  f i g u r e  18. From r e f e r e n c e  8 t h e  r e l a t i o n s h i p  i s  

where K = G 2 ~ 2 ~ 0  a n d  A T  i s  t h e  r a d a r  t a r g e t  a r e a .  When c o n -  

v e r t e d  t o  d e c i b e l s ,  t h e  p r e c e d i n g  e x p r e s s i o n  i s  

= K - 8 7 . 2 3  = G 2  + i 2  + u o  - 8 7 . 2 3  
(:)clutter 

F o r  R A D S C A T ,  t h e  f o l l o w i n g  c o n s t a n t s  were u s e d :  

1 3 . 9  GHz 9 . 3  GHz 

x 2 . . . . . . . . . . . . .  -33.32 dB -29 .83  dB 

G 2 . . . . . . . . . . . . .  - 1 4 . 7  dB -5.5 dB 

. . . . . . . . . . . . .  -35 dB -35 dB 0 a 

The X-band u0 a t  g r a z i n g  i n c i d e n c e  was o b t a i n e d  from r e f e r e n c e  3. 
T h u s ,  f o r  13 .9  GHz, 
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and f o r  9 . 3  G H z ,  

G 2  A2 U O  - ‘-hh z 

= -5.5 - 2 9 - 8 3  - 35 - 8 7 . 2 3  = -157.6 dB 

c l u t t e r  

The g r o u n d  c l u t t e r  e r r o r  f o r  9 . 3  G H z  a n d  13.9 G H z  a t  r a n g e s  o f  
610 m ( 2 0 0 0  f t ) ,  9 1 4  m ( 3 0 0 0  f t ) ,  and  1829  m ( 6 0 0 0  f t )  f o r  t h e  two 
s p h e r e s  i s  o b t a i n e d  from t h e  f o l l o w i n g :  

- re) S P  +(:) c l u t t e r  
‘ e r r o r  - - 

S P  

R e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  11. 

C a l c u l a t i o n  o f  E r r o r  Due t o  O f f - B o r e s i g h t  Ang le  U n c e r t a i n t y  

An e r r o r  e x i s t s  a s  a r e s u l t  o f  i m p r e c i s e  k n o w l e d g e  o f  t h e  
o f f - b o r e s i g h t  a n g l e .  The c a l c u l a t e d  p r e c i s i o n  w i t h  w h i c h  t h e  o f f -  
b o r e s i g h t  a n g l e  c a n  b e  d e t e r m i n e d  f r o m  t h e  v i d e o  b o r e s i g h t  m o n i t o r  
i s  20.07’. Hence t h e  o f f - b o r e s i g h t  a n g l e  c o r r e c t i o n  h a s  a p o t e n -  
t i a l  e r r o r  r e s u l t i n g  f r o m  t h i s  t o l e r a n c e  i n  p r e c i s i o n .  

To e v a l u a t e  t h e s e  e r r o r s ,  a s e c o n d - o r d e r  r e g r e s s i o n  f i t  t o  
t h e  p a t t e r n  d a t a  o f  f i g u r e  I 3  was made ,  a n d  t h e  f o l l o w i n g  r e l a -  
t i o n s h i p s  were o b t a i n e d :  

a t  9 . 3  G H z  

E - p l a n e :  G = - ( 0 . 0 2 9 5 9  + 2 . 2 5 9 3 6 ~ ) ~ )  

H-p lane :  G = - ( - 0 . 0 5 3 8 8  + 2.163368 2 ) 

a t  1 3 . 9  G H z  

E - p l a n e :  

H-plane :  

G = - ( - 0 . 1 7 6 5 0  + 6 . 2 1 1 9 6 e 2 )  

G - ( - 0 . 0 2 4 6 8  + 4 . 2 5 0 7 e 2 )  

where  e i s  t h e  o f f - b o r e s i g h t  a n g l e .  T h e s e  r e l a t i o n s h i p s  were u s e d  
t o  e v a l u a t e  t h e  d i f f e r e n t i a l  g a i n  b e t w e e n  t h e  n o m i n a l  b o r e s i g h t  
a n g l e  a n d  t h e  n o m i n a l  v a l u e  + 0 . 0 7 O .  A g r a p h i c a l  i n t e r p o l a t i o n  o f  
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-. I 8  

t h e  a c t u a l  d a t a  was u s e d  a t  p o i n t s  w h e r e  t h e  r e g r e s s i o n  s l o p e  
a p p e a r e d  i n  e r r o r  ( m a i n l y  a t  0' o f f - b o r e s i g h t  a n g l e ) .  The e r r o r  
i n  uo i s  twice t h e  g a i n  e r r o r  o b t a i n e d ,  i f  t h e  g a i n  e r r o r  i s  
e x p r e s s e d  i n  dB. 

T h i s  e r r o r  h a s  b e e n  c a l c u l a t e d  a t  o f f - b o r e s i g h t  a n g l e s  o f  Oo 
a n d  0.5O,  t h e  maximum p e r m i s s i b l e  r a n g e  o f  v a l u e s .  T h i s  e r r o r  
was a l s o  c a l c u l a t e d  a t  a n g l e s  o f  0.25'  and  0.40°, s i n c e  99 p e r -  
c e n t  o f  t h e  s p h e r e  d a t a  o f  t h i s  a n a l y s i s  were o b t a i n e d  b e t w e e n  
t h e s e  v a l u e s .  ( T h i s  s p a n  o f  o f f - b o r e s i g h t  a n g l e s  i n d i c a t e s  t h a t  
e l e c t r i c a l  a n d  o p t i c a l  b o r e s i g h t s  were n o t  a l i n e d . )  Worst-case 
e s t ima tes  o c c u r  i n  t h e  E - p l a n e ,  b u t  t h e  H-p lane  e s t i m a t e s  a r e  a l s o  
i n c l u d e d  i n  t h e  f o l l o w i n g  t a b l e .  An a b b r e v i a t e d  s e t  o f  e s t i m a t e s  
i s  g i v e n  i n  t a b l e  11. 

. 1 3  * . 2 6  .256  -. 173 -. 2 8  - a 3 3 9  

O f f - b o r e s i g h t  
a n g l e ,  

d e g  

- . . . 

0 - + 0 . 0 7  

0 . 2 5  2 0 . 0 7  

0.40 2 0.07 

0 . 5 0  2 0 . 0 7  

. 

* I n d i c a t e s  

f - -  ~- - 
B o r e s i g h t  a n g l e  p r e c i s i o n  e r r o r ,  dB ,  a t  - 

. 

9 . 3  GHz f o r  - I 1 3 . 9  G H ~  f o r  - 
. 

H-plane  

-. 054 

I H-plane  E - p l a n e  
- -  I 

-. 0 3  1 *!.016 1 *!.073 I "O 

~~ ~ 

1 E - p l a n e  

"0 
. ~ .. . .. - 

. 4 3 4  
- . 2 7 5  -. 264  -. 757 - .518 

- 6 3 5  ! 
* 533 

- .339 -. 324 - . 9 3 2  - . 6 3 7  -808  1 - - - -. . - . 

g r a p h i c a l  d e t e r m i n a t i o n .  

C a l c u l a t i o n  o f  E r r o r  Due t o  S u r f a c e  R o u g h n e s s  o f  S p h e r e s  

The n o r m a l i z e d  v a r i a n c e  i n  c r o s s  s e c t i o n  D I U )  d u e  t o  s u r -  
f a c e  r o u g h n e s s  c a n  b e  e s t i m a t e d  from e q u a t i o n  ( 8 )  i n  r e f e r e n c e  10 
as  

where  5, i s  t h e  rms r o u g h n e s s  ( 0 . 0 0 3 3 0 2  cm ( 0 . 0 0 1 3  i n . )  f o r  t h e  
small  s p h e r e  a n d  0 . 0 3 1 7 5  cm ( 0 . 0 1 2 5  i n . )  f o r  t h e  l a r g e  s p h e r e )  
and  X i s  t h e  r a d a r  w a v e l e n g t h .  A l t h o u g h  t h i s  e s t ima te  i s  f o r  c i r -  
c u l a r  p o l a r i z a t i o n ,  i t  i s  u s e f u l  t o  f i n d  t h e  m a g n i t u d e  o f  t h e  e r r o r  
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f o r  t h i s  case .  The e r r o r  i n  c r o s s  s e c t i o n  i s  c a l c u l a t e d  by  u s i n g  
t h e  f o l l o w i n g  e q u a t i o n  o f  r e f e r e n c e  10 :  

Roughness  e r r o r  [ d B ]  = 4 . 3 5 ( D t 0 ) ) ’ / ~  

The e r r o r s  o b t a i n e d  a r e  g i v e n  i n  t a b l e  11. 

C a l c u l a t i o n  o f  E r r o r  Due t o  D i m e n s i o n a l  T o l e r a n c e  o f  S p h e r e s  

An e r r o r  i n  c r o s s  s e c t i o n  o c c u r s  d u e  t o  v a r i a t i o n  6 o f  t h e  
d i m e n s i o n a l  ( i . e . ,  t h e  d i a m e t e r )  t o l e r a n c e  o f  t h e  s p h e r e s .  T h i s  
e r r o r  h a s  b e e n  es t imated  by  c a l c u l a t i n g  t h e  c r o s s  s e c t i o n  u f o r  
a s p h e r e  w i t h  diameter  d 2 6 .  Mie t h e o r y  was u s e d  w i t h  enough  
terms r e t a i n e d  t o  o b t a i n  a c c u r a c i e s  t o  0 . 0 1  p e r c e n t .  S p h e r e  
d i ame te r  v a r i a n c e  v a l u e s  u s e d  were 5 0 . 3 8 1  cm (20 .015  i n . )  f o r  t h e  
small  s p h e r e  a n d  2 0 . 1 1 4 3  em ( 2 0 . 0 4 5  i n . )  f o r  t h e  l a r g e  s p h e r e .  
T h e s e  v a l u e s  o f  6 a r e  e q u a l  o r  g r e a t e r  t h a n  t h e  m e a s u r e d  v a l u e s  
g i v e n  i n  t h e  m a i n  t e x t .  R e s u l t i n g  e r r o r s  d u e  t o  d i m e n s i o n a l  t o l e r -  
a n c e  were e v a l u a t e d  a n d  a r e  g i v e n  i n  t a b l e  11. 

E r r o r  Due t o  Range a n d  A n g l e  Errors o f  t h e  T r a c k i n g  Radar 

From Nathan  Novak o f  W a l l o p s  F l i g h t  C e n t e r ,  t h e  f o l l o w i n g  
e r r o r  e s t i m a t e s  were o b t a i n e d  f o r  s k i n  t r a c k i n g  a s p h e r e  w i t h  
t h e  FPQ-6 radar :  

Range e r r o r  ( r m s )  A R t r  = - + I  t o  5 m ( 3 . 3  t o  1 6 . 4  f t >  ( m o r e  
d a t a  a r e  n e e d e d )  

T r a c k i n g - a n g l e  e r r o r  ( r m s )  A + t r  = +0.0001 r a d i a n  

T h e s e  e r r o r s  w o u l d  r e s u l t  i n  a v a r i a n c e  i n  t h e  s c a t t e r i n g  c r o s s  s e c -  
t i o n  d u e  t o  i m p r e c i s e  k n o w l e d g e  o f  s l a n t  r a n g e  R i n  e q u a t i o n  ( 4 ) .  
T h i s  v a r i a n c e  c a n  b e  computed  a s  

4 
R + A R  

w h e r e  A R  i s  t h e  r a n g e  e r r o r .  

The  g e o m e t r y  o f  t h e  s i t u a t i o n  i s  shown i n  f i g u r e  1 9 .  The 
componen t  o f  A R  a l o n g  t h e  R A D S C A T  l i n e  o f  s i g h t  i s  

17 
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R t r y  *, 
m ( f t )  m ( f t )  deg 

R A D S C A T  s l a n t  
r a n g e ,  

_ _ ~  -. ~ - -~ 

610 ( 2 0 0 0 )  5049 ( 1 6  5 6 5 )  44 .68  
914 ( 3 0 0 0 )  5269 ( 1 7  2 8 7 )  42.36 

1829 ( 6 0 0 0 )  5977 ( 1 9  6 1 0 )  36.44 __ ___~_.~___. - __ 

The a n g l e  $ i s  d e t e r m i n e d  by t h e  law o f  s i n e s  as  

__~_____ ____. 

Component due t o  r a n g e  e r r o r  Component due t o  a n g l e  e r r o r  

A R T  
m ( f t )  

( a )  ____-  - __ 
3.56 ( 1 1 . 6 8 )  0 . 1 0 2  0 . 3 5  ( 1 . 1 5 )  0 .010 
3 .69  ( 1 2 . 1 1 )  .070 .36  ( 1 . 1 8 )  . 0 0 6 6  
4.02 ( 1 3 . 1 9 )  . 0 3 8  . 3 6  ( 1 . 1 8 )  

L s i n  1 3 0  

Rtr 
$ =  

w h e r e  L ,  t h e  d i s t a n c e  b e t w e e n  t h e  FPQ-6 r a d a r  a n d  R A D S C A T ,  i s  
s c a l e d  t o  be  4 6 3 5  m ( 1 5  206 f t ) ,  and  130' i s  t h e  a n g l e  f o r m e d  by  
t h e  FPQ-6-RADSCAT l i n e  o f  s i g h t  a n d  t h e  RADSCAT-sphere l i n e  o f  
s i g h t .  ( T h e  a s s u m p t i o n  i s  t h a t  t h e  b a l l o o n  d r i f t s  o u t  p e r p e n d i c -  
u l a r  t o  t h e  s h o r e . )  S i n c e  

Rtr = d R 2  + 2LR s i n  1 3 0  + L 2  

f rom t h e  law o f  c o s i n e s ,  t h e  e r r o r  c a n  b e  e v a l u a t e d .  

The component  o f  e r r o r  d u e  t o  t h e  r a d a r  t r a c k i n g - a n g l e  
e r r o r  i s  e v a l u a t e d  by f i n d i n g  t h e  r e s u l t i n g  componen t  o f  

e r r o r  i n  R A D S C A T  s l a n t  r a n g e .  T h i s  r a n g e  e r r o r  i s  

R . e s u l t s  o f  t h e  c a l c u l a t i o n s  f o r  r a n g e  e r r o r  a n d  t r a c k i n g - a n g l e  
e r r o r  due  t o  t h e  t r a c k i n g  r a d a r  a r e  p r e s e n t e d  s e p a r a t e l y  i n  t h e  
f o l l o w i n g  t a b l e  a n d  a s  summed v a l u e s  i n  t a b l e  11: 

E r r o r  Summation 

E r r o r s  were summed i n  two ways .  F i r s t ,  e r r o r s  were summed 
l i n e a r l y  a c c o r d i n g  t o  w h e t h e r  t h e y  i n c r e a s e  o r  d e c r e a s e  u o  t o  
o b t a i n  a n  o u t e r  l i m i t  o f  t o l e r a n c e  f o r  t h e  u o  m e a s u r e m e n t s  ( a n d  
h e n c e  t h e  t o l e r a n c e s  on t h e  s p h e r e  c o r r e c t i o n  f a c t o r ) .  R e f e r r i n g  

18 
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t o  e q u a t i o n s  (6) a n d  ( 7 1 ,  i t  i s  s e e n  t h a t  e r r o r s  w h i c h  i n c r e a s e  
u t o t  r e s u l t  i n  a p o s i t i v e  b i a s  t o l e r a n c e ,  a n d  v i c e  v e r s a .  

summing is  shown i n  t a b l e  111. 

T h i s  

S e c o n d ,  e r r o r s  were summed i n  a n  rms f a s h i o n  t o  o b t a i n  a n  
e s t ima te  o f  t h e  m o s t  p r o b a b l e  o n e  s t a n d a r d  d e v i a t i o n  e r r o r .  The 
method u s e d  t o  h a n d l e  e r r o r s  w h i c h  were s l i g h t l y  n o n s y m m e t r i c a l  
was t o  r e c o r d  t h e  n o n z e r o  mean a n d  t h e n  c a l c u l a t e  t h e  v a r i a n c e  
a b o u t  t h e  p o i n t  o f  s y m m e t r y .  F o r  e r r o r s  w h i c h  were a l l  p o s i t i v e  

( o r  n e g a t i v e ) ,  t h e  n o n z e r o  mean was r e c o r d e d  a n d  t h e  v a l u e  o f  
v a r i a n c e  was c a l c u l a t e d  u s i n g  

I V a r i a n c e  = - ( e r ro r  12 
2 

T h i s . t e c h n i q u e  was s u g g e s t e d  by L .  W i l s o n  o f  t h e  Vought C o r p o r a t i o n .  
R e s u l t s  o f  t h e  r m s  summing a r e  g i v e n  i n  t a b l e  I V .  The rms v a r i -  
a n c e  E i n  d B  i s  c a l c u l a t e d  u s i n g  

I \ 

E + v a r i a n c e  

D i s c u s s i o n  o f  E r r o r  B u d g e t  R e s u l t s  

Some comments  c a n  b e  made  r e g a r d i n g  t h e  e r r o r  v a l u e s  o b t a i n e d  
a n d  g i v e n  i n  t a b l e  11: 

( 1 )  The b a l l o o n  a n d  r e g u l a t o r  i n t e r f e r e n c e  e r r o r  i s  i n s i g n i f i -  
c a n t  e x c e p t  a t  maximum r a n g e  a r id ,  h e n c e ,  i s  p r o b a b l y  u n i m p o r t a n t  
f o r  t h e s e  t e s t s .  

( 2 )  The g r o u n d  c l u t t e r  e r r o r  i s  c l e a r l y  o r d e r s  o f  m a g n i t u d e  
b e l o w  t h e  o t h e r  e r r o r s .  

( 3 )  The e r r o r  d u e  t o  b o r e s i g h t  a n g l e  p r e c i s i o n  i s  s i g n i f i c a n t ,  
a n d  p r e c i s i o n  m u s t  b e  u s e d  i n  e v e r y  p h a s e  o f  t h e  b o r e s i g h t  c o r r e c -  
t i o n  p r o c e d u r e .  T h i s  e r r o r  i n c r e a s e s  a s  a n t e n n a  beam w i d t h  g e t s  
sma l l e r .  I n  t h i s  c a se ,  a l i n e m e n t  o f  o p t i c a l  w i t h  e l e c t r i c a l  b o r e -  
s i g h t  would  h a v e  r e d u c e d  t h e  w o r s t  case t o l e r a n c e s  on e r r o r  b i a s  
by  a n  e s t i m a t e d  0 . 1 5  t o  0 .25  d B  a t  9 . 3  G H z  a n d  f r o m  0 .25  t o  0 . 6 5  d B  
a t  1 3 . 9  G H z .  

( 4 )  D i m e n s i o n a l  t o l e r a n c e  i n  t h e  s p h e r e  c a u s e d  r e l a t i v e l y  
u n i m p o r t a n t  e r r o r s .  
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( 5 )  S u r f a c e  r o u g h n e s s  o f  t h e  s p h e r e s  i s  a n  i m p o r t a n t  c o n s i d -  
e r a t i o n ;  i n  f a c t ,  i t  i s  t h e  most  i m p o r t a n t  e r r o r  s o u r c e  f o r  t h e  
l a r g e  s p h e r e .  

e s t i m a t e d ,  a r e  p r o b a b l y  l e s s  t h a n  i n d i c a t e d .  

o f  s p h e r e s ,  e v e n  t h o u g h  t h e  e r r o r  d o e s  n o t  a p p e a r  t o  be  l a r g e .  

( 6 )  The e r r o r s  d u e  t o  s u p p o r t  l i n e  a n d  n e t ,  w h i c h  were o n l y  

( 7 )  More d a t a  a r e  r e q u i r e d  on  t h e  a c c u r a c y  o f  r a n g e  t r a c k i n g  

20 
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TABLE I.- BIAS ERRORS A N D  TOLERANCES I N  MEASURED VALUES OF P r / P t G 2  

[ E r r o r  c a l c u l a t i o n  method i s  shown i n  f i g . s .  1 4  t o  171  

Worst c a s e ' t o l e r a n c e s ,  dB, a t  - rms t o l e r a n c e s ,  d B ,  a t  - 
S p h e r e  Bias e r r o r ,  d 6  8 b s , m i n  = 0.25' ebs ,max = 0.40' 

e b s , m i n  = 0.25' ebs ,max = 0 ~ 4 0 ~  GH z 

'rms Bias crmS Bias 

I 13.9 

13.9 

I 
S m a l l  2 .4  0 .67  1 .04  0 . 3 3  0 .09  0.72 0 .04  

- .49  -. 96 

La rge  1 .9  1 .68  2 .05  1 . 0 4  .Og .04 
-1 .50  -1.98 

9 . 3  , S m a l l  I 4 . 3  

I 
2 . 0  i Large ' 9 .3  I 

lS2O' 1 .08 . 51  . 6 0  . 2 4  . 0 8  31 -. 35 - . 4 4  

1 .18 1 .27  - 7 3  . 0 8  
-1 .02  -1 .12  

i 



TABLE 11.- ESTIMATED ERRORS FOR RADSCAT TESTS 

E r r o r ,  d E ,  a t  - 
E r r o r  s o u r c e  9 . 3  GHz f o r  - 1 3 . 9  GHz f o r  - 

1 

Smal l  s p h e r e  Large  s p h e r e  Smal l  s p h e r e  La rge  s p h e r e  

E a l l o o n  and r e g u l a t o r  i n t e r f e r -  
e n c e  a t  r a n g e  o f  - 
610 m (2000  f t )  
9 1 4  rri (3000  f t )  
1829 m (6000  f t )  

1 x 10-2 
1 x 10-5 

. I O 1  

3 . 1  5 

. 0 3  
3 . 1  1 0 - 4  

Ground c l u t t e r  a t  r a n g e  o f  - 
610 m (2000  f t )  
914  m (3000  f t )  
1829 m ( 6 0 0 0  f t )  

C o r r e c t i o n  f o r  o f f - b o r e s i g h t  
a n g l e  o f  - 
0.25' * 0.07'  

0 .40°  * 0.07'  

S u r f a c e  r o u g h n e s s  o f  s p h e r e s  

Dimens iona l  t o l e r a n c e  o f  
s p h e r e s  

S u p p o r t  l i n e  and n e t  ( r e f .  8 )  

T r a c k i n g  r a d a r  r a n g e  and a n g l e  
e r r o r  ( s u m )  a t  r a n g e  o f  - 
610 m (2000  f t )  
514  m ( 3 0 0 0  f t )  
1829 m (6000  f t )  

2 . 3  10-5 
1 . 0  10-4 
1 . 8  10-3 

. I 4  
-. I8 

. 2 3  1 
-. 275 

.079  

,0154  
~ - .0130 

c . 2  

* .  112 
2 .  077 
2 .041  

6 . 9  x I O m 6  

5 . 5  x 10- 
3 . 3  x lo - ;  

. 1 4  
-.  18 

-. 275 
. 2 3  1 

. 7 6  1 

-. 0057 
-. 0022 

; c . 2  
I 

2 . 1 1 2  
2 .  077 
2 .  041 

5 . 8  x l-O-c 
8 . 9  10-4  

. 016  

1 . 6  x 

8 .7  x 

1 . 3  10-4 

. 2 6  
-. 28 

. 6 3 5  -. 757 

. 118 

.012  
- .011  

< . 2  

* .  112 
f . O n  
2 .041  

1 .8  x 10-6 
2 . 6  10-5 
4 . 8  10-3 

4 .8  x 10-7 

4 . 3  10-5 
2 . 6  x 

. 26  -. 28 

. 6 3 5  
- .757 

1.138 

- .  0070 
.0042 

i c . 2  

k .  112 
2 .077  
t . 0 4 1  

Iu 
W 



TABLE 111.- EFFECT OF ERRORS O N  u i O t  

- 
9.3 GHz f o r  - 

E r r o r  s o u r c e  
Smal l  s p h e r e  Large  s p h e r e  

I n c r e a s e  D e c r e a s e  I n c r e a s e  D e c r e a s e  
I 

, B a l l o o n  and r e g u l a t o r  1 x 0 3.1 10-4 o 

E r r o r  i n  u t o t ,  d B ,  a t  - I- 
13.3 GHz f o r  - 

Smal l  s p h e r e  Large  s p h e r e  

I n c r e a s e  D e c r e a s e  I n c r e a s e  D e c r e a s e  

2.6 x 10-51 o 
k 

8.9 x 10-4 o , 
2.6 x lo-6 0 ~ 

Ground c l u t t e r  I o '3.3 10-5' o 8.7 x 

I 
C o r r e c t i o n  f o r  o f f -  

b o r e s i g h t  a n g l e  of - 
0.40' .231 , .275 ' ,231 .275 .635 ~ .757 .635 

I 

0.25' .14 I .I8 .I4 , .I8 .26 .28 , .26 .2a 
.757 

S u r f a c e  r o u g h n e s s  .079 .079 , .76 1 .76 1 . 118 .I18 1.138 1.138 
~ 

I 
0 

Dimens iona l  t o l e r a n c e  .0154 .013 !O  .0057 .012 .011 . 0 0 4 2  .007 

Net a n d  l i n e s  .2 0 I .2 I O  , . 2  ' 0  . 2  0 

T r a c k i n g  r a d a r  r a n g e  .077 .077 .077 .077 .077 ' .077 ' .077 .077 
1 

and a n g l e  e r r o r  



T A B L E  1 V . -  rms SUMMING 

Tota l  nonzero mean a t  ebs 0.40' ,077 .072 ,040  

rms v a r i a n c e ,  d B ,  a t  ebs 0.40° .309 ,751 

rns  e r r c r  a t  - 

9.3 GHz f o r  - 13.9 GHz f o r  - 

Error  source  Small sphere  Large sphere  Small s p h e r e  Large sphere  ______- 
Variance Nonzero Variance Nonzero Variance Nonzero 

( a )  mean, d B  ( a )  
Nonzero Variance 

( a )  mean, dB ( a  1 mean, dB mean, d B  

Balloon and r e g u l a t o r  5 2.66 x lo-' 1.55 x lo-' 2.56 x 4.45 x lo-' 2.10 x 1.3 x 1.79 x 

.039 

.722 1.195 

Ground c l u t t e r  5 2.65 x 10-l' 1.65 x 2.89 x 4.35 x 2.01 x 10-l' 1.3 x 1.79 x 

Correc t ion  f o r  o f f - b o r e s i g h t  a n g l e  
of - 
0.25' 
0.400 

-2 IO-* 1.41 10-3 -2 10-2 1.41 10-3 - 1  10-2 4 I O  10-3 -1 io-2 4.10 10-3 
-2.5 IO-' 3.65 10-3 -2.5 3.65 0-3 -6 io-2 3106 io-2 -6 3.06 IO-' 

Surface  roughness  0 3.31 o 3.06 x 

Dimensional t o l e r a n c e  1.2 lo-' 1.07 -2.8 x lo-' '8.62 x 

Net and l i n e s  1 10-1 1.11 10-3 1 10-1 1.11 

Tracking r a d a r  range and a n g l e  e r r o r  0 3 . 2 0  o 3.20 x 
- ~ _ ~ _  

7.40 10-4 o 6.84 x lo-' 
7.16 x -1.4 x lov3 1.66 x lob6 

0-2 0 

0-7 o 
0-3 1 10-1 1.11 10-3 I 10-1 1.11 10-3 

0-4 0 3.20 x 10-4 I 0 3.20 10-4 

c var iance  a t  e b s  0.25' 

var iance  a t  e b s  = 0.25' 

3.18 10-3 

5.64 x 

1 

6.28 10-3 7.40 x lo-' 
1.83 x 10-1 7.92 x lo-' 2.72 x 10-1 

3.35 x 10-2 

Tota l  nonzero mean a t  e b s  = 0.25' 0.082 0.077 0.090 0.088 

rms v a r i a n c e ,  d B ,  a t  e b s  0.25' ,238 ,729 .331 1.045 

C v a r i a n c e  a t  e b s  = 0.40' 

\ I C v a r i a n c e  a t  e b s  = 0.40' 

5.42 10-3 

7.36 x lo-' 
3.57 x 10-2 

1.89 x 10-1 

3.27 x lo-' 1.00 x 10-1 

1.81 x 10-1 3.17'. 10-1 



Attn. Square- 

detector 
law - I 

I 
I Square- 

I law - Antenna r - Y l - i  

Transmitter 
L - - J  

I 

I 
I 

I Integrator - 
Integrator -t 

TO 
Multiplexer 

F i g u r e  1 . -  S impl i f ied  block diagram o f  R A D S C A T  s ca t t e romete r .  



L-72-78.1 

F i g u r e  2 . -  RADSCAT i n s t a l l e d  on g i m b a l e d  mount f o r  s p h e r e  c a l i b r a t i o n .  



WI-73-5 10 

F i g u r e  3 . - S p h e r e  s u s p e n d e d  f rom w e a t h e r  b a l l o o n .  
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( a )  K y t o o n ,  t e t h e r i n g  l i n e s ,  a n d  h a r n e s s .  L-72-81 

F i g u r e  4.- 

( b )  S p h e r e s  a n d  s u p p o r t  n e t t i n g .  

Kytoon a p p a r a t u s  u s e d  for s p h e r e  c 

L-76-223 

: a l i b r a t i o n s .  



w 
0 

F i g u r e  5.- G e o m e t r y  f o r  g r o u n d - b a s e d  s p h e r e  t e s t s  a t  W a l l o p s  F l i g h t  Center. 



I n i t i a l  conditions: 
Mode i n t .  time = 0.924 sec 

I 
1787.8 

( 5865.5) 

I 
1530.6 

(5021.71 

I 1 
316.5 I Time a f ter  to, sec 

1041.9 571.2 
(3418.3) Range, m (ft) (1874.0) (1038.41 

Figure  6 . -  Pen r eco rd  f o r  smal l - sphere  t e s t  a t  13 .9  GHz. 



w 
N 

I I 6 o I  180 120 
Time a f t e r  t o ,  sec 

1545.3 1077.0 Range, m ( f t )  504.3 309.0 
(5069.91 (3533.5)  (1654.5)  (1013.81 

F i g u r e  7.-  P e n  r e c o r d  f o r  l a rge - sphe re  t e s t  a t  13.9 GHz. 

to = 19:53:00 



--- 

Mode i n t .  time = 0.924 sec 
Range gate = 610 m (2000 f t )  

t, = 15:07: 
6o I I 180 120 

1 Time a f t er  to I sec 
479.1 318.6 

I 
2186.2 

( 7172.6 1 (4168.31 1270’5 ( f t )  (1571.9) (1045.31 

57 .4  

w 
w F i g u r e  8 . -  Pen r e c o r d  f o r  s m a l l - s p h e r e  t e s t  a t  9 .3  GHz. 

I 



I n i t i a l  conditions: 

10 m (2000 f t l  

240 1 
2736.0 

(8976.4)  

60 
Time a f t e r  to, sec 

1 i o  
1467.1 

( 4813.3) Range, m ( f t )  

= 14:37:55 

F i g u r e  9.- Pen r e c o r d  f o r  l a r g e - s p h e r e  t e s t  a t  9 . 3  G H z .  



-60r Scat 1 

Scat 2 q 
-120 

- 1 3 0 1  

-140 

Corner reflectors 

30.48-cm 

Spheres 

jcat 

- 
C a1 

- 

1- 1 I I I I 
300 600 900 1200 1500 1800 

Range, m 
L .. I I 1 I I 

1000 2000 3000 4000 5000 6000 
Range, ft 

F i g u r e  10.-  RADSCAT t h e o r e t i c a l  t a r g e t  v a l u e s  f o r  13 .9  GHz 
r e l a t i v e  t o  RADSCAT d y n a m i c  r a n g e .  RADSCAT d y n a m i c  
r a n g e  a s s u m e s  a v e r a g e  a n t e n n a  g a i n  i s  3 8 . 2 2  dB a n d  mode 
i n t e g r a t i o n  time i s  0 . 9 2 4  s e c .  P n o i s e / P t  = -150  dBm. 
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I Corner reflectors 

I Scat 1 

-140 

30.48-cm 

Spheres 

I I I I 1 I 
900 1200 1500 1800 300 600 

Range, m 
I I I -A 

2000 3000 4000 5000 6000 I __ . . ---L- 
1000 

Range, ft  

F i g u r e  1 1 . -  RADSCAT t h e o r e t i c a l  t a r g e t  v a l u e s  f o r  9 . 3  GHz 
r e l a t i v e  t o  RADSCAT d y n a m i c  r a n g e .  RADSCAT dynamic  
. r a n g e  a s s u m e s  a v e r a g e  a n t e n n a  g a i n  i s  2 9 . 9 9  dB a n d  mode 
i n t e g r a t i o n  t ime  i s  0 . 9 2 4  s e c .  Pno i se /P t  = -152 d B m .  
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Range vs. time 

I 

Pr vs. time 
from 

RADSCAT instrument 

~~~~ 

'r 

PtG 
Theoretical vs. time 

I 

2 2  from computer - 'r = X n r  
pt (4 a h 4  

, I 
'r 

(uncorrected) PtG 
Measured vs. time 

from computer program 

-7- 

Off-boresight signal 
correction vs. time 

from TV camera tape 

1, 1 Comparison of theoretical 

'r 

PtG 
and experimental ,- 

F i g u r e  1 2 . -  S p h e r e  d a t a  r e d u c t i o n  p r o c e d u r e .  



W 
00 

d 
0 

0 
0) 
k 
k 
0 
0 

.r( 
U 

13.9 GHz, E-plane 12 - 

10 - 13.9 GHz, H-plane 

8 -  

9.3 GHz, E-plane 
6 -  

9.3 GHz, H-plane 

4 -  

2 -  

.2 .4 .6 .8 1 .o 1.2 1.4 0 

E -plane 

13.9 GHz, 

9.3 GHz, 

9.3 GHz, 

H-plane 

E -plane 

H-plane 

Off-boresight angle, deg 

F i g u r e  13.- O f f - b o r e s i g h t  s i g n a l  l e v e l  c o r r e c t i o n s  d e r i v e d  from RADSCAT 
a n t e n n a  p a t t e r n s  ( d a t e d  1-12-72 a n d  1-13-72) .  



10-18 ,- 
0 Scat 3 

0 Scat 4 

pr 
PtG2 

10-20 ’- 

!I 

with (A) 
’tG meas 
Measured Theory Range, m (ft) 

653.1 (2143.7) 9.4 X 1.609 x 1O-l’ 
974.8 (3198.2) 1.89 x 3.344 x 

Meas lo loglo TheoGy = lo loglo 

= 2.407 dB 

I I 1 I I I I 
10-2k!0 500 1000 1500 2000 

(1312) (1640) (3281) (4921) (6562) 
Range, m (ft) 

F i g u r e  14.- R A D S C A T  s m a l l - s p h e r e  t e s t  r e s u l t s  a t  13.9 GHz. 



10-l8 

1 0 - l ~  

’r 

PtG2 

10-2: 
4 

\W n 

\“s” ,-Regression fit to data : 

0 Scat 3 

I7 Scat 4 

= - 3.95046 loglo R - 7. DO0 

omparison of (3) with 
theory 

Range, m (ft) Theory 

703.06 (2306.6) 2.35 x 1 O - l ’  
1056.39 (3465.8) 4.62 x 

meas 
Measured 

3.57 1 0 - l ~  
7.15 x 

\ \  = 1.856 dB 

I I I I I 

1 500 1000 1500 2000 
(1312) (1640) (3281) (4921) (6562) 

Range, m (ft) 

F i g u r e  15.- R A D S C A T  l a r g e - s p h e r e  t e s t  r e s u l t s  a t  13 .9  GHz. 



lo-l: 

pr 

PtG2 

0 Scat 3 

\ 0 Scat 4 \\ loglo (0;: - ) data = - 4.44908 : loglo R - 5.6513 

Comparison of (>) with (>) 
’tG ’ theory ’tG meas 

Range, m (ft) Theory Measured 

703.73 (2308.8) 1.56 X 1O-l’ 4.737 x 1O-l’ 
1198.51 (3932.1) 1.85 X 4.434 X 

2 2  h lir - -  

10-2! 

(1312) (1640) 
1000 1500 2000 

(3281) (4921) (6562) 
Range, m (ft) 

F i g u r e  16 . -  R A D S C A T  s m a l l - s p h e r e  t e s t  r e s u l t s  a t  9.3 GHz. 



10-18 

lo-l! 

pr 

PtG2 

10-2400 
I I I I 1  I I \ 

5AO 1000 1500 2000 

F i g u r e  17 . -  R A D S C A T  l a r g e - s p h e r e  t e s t  r e s u l t s  a t  9 .3  GHz. 



1829 m 
(6000 ft) 

610 m 
(ZOO0 ft) 

RADSCAT antenna 

F i g u r e  18.- Geometry  of  g r o u n d  c l u t t e r  e r r o r  c a l c u l a t i o n .  

FPQ-6 site 

F i g u r e  19.- 

\ Sphere 

Geomet ry  o f  t r a c k i n g  radar  r a n g e  a n  d a n g l e  e r r o r .  

NASA-Langley, 1976 L- 1 0 5 5 4 43 
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